We propose a dual-core photonic crystal fiber (PCF) for a broad bandwidth polarization-insensitive coupler. To achieve ultrabroadband and polarization-insensitive characteristics, two elliptical fluorine-doped cores are introduced. By optimizing structure parameters and fiber length, a polarization-insensitive 50:50 coupler is achieved. Its coupling ratio stabilizes at 50 ± 1% the in whole optical communication band from 1.255 to 1.725 μm, and the coupling ratio difference between two polarizations is lower than 0.2%. This coupler also has high compatibility with standard single-mode fibers (SMFs) due to low splice loss. Fabrication feasibility is improved due to the use of uniform circular air holes. Tolerance analysis results indicate that the designed coupler has great potential for practical fabrication. High fabrication feasibility and good performance give it great potential to be used in optical communication systems.
Introduction
The optical directional coupler plays an important role in communication systems. Although it has already been commercially available, there are still some common problems for couplers based on conventional dual-core fibers, such as narrow bandwidth and polarization-sensitive [1] , [2] , which make the couplers hard to meet the requirements for a high rate, ultra-broadband communication system.
Compared with the conventional fiber couplers, the couplers based on photonic crystal fibers (PCFs) have the advantage on achieving broad bandwidth and polarization-insensitive characteristics [3] , [4] . Currently, PCF-based couplers have attracted lots of attention. Early in 2000, the mode coupling behavior in dual-core PCF had been studied experimentally by Mangan et al. [5] for the first time. Since then, many directional couplers based on PCFs have been designed. For example, Laegsgaard et al. [6] designed a coupler by introducing two fluorine-doped cores in PCF in 2004 . This fiber achieves a broad bandwidth covers from 0.75 μm to 1.5 μm. But the birefringence induced by the fluorine-doped cores makes the coupling ratio sensitive to polarization. In 2006, Varshney et al. [7] designed a dual-core PCF which achieved a broad bandwidth from 0.9 to 1.6 μm. But the air holes of this fiber are elliptical holes. It is very difficult to fabricate silica based PCF with uniform oriented elliptical air holes by using current fabrication process. Most recently, the coupling characteristics of a novel design with metal wire had been studied [8] . The extinction ratio can reach 30.54 dB at 1.55 μm, but the confinement loss of this fiber is extremely high.
Until now, many structures are proposed for achieving directional couplers with good performance, including PCFs with metal wires [3] , [8] , liquid crystal [9] , elliptical air holes [10] or modulation core [11] , and so on [12] - [14] . All the structures mentioned above have their own advantages, but most of these designs can not achieve a good performance with a simple structure. Moreover, the compatibility with practical optical communication systems also need to be taken into consideration since large mode field area (MFA) mismatch between PCF and single mode fiber (SMF) will lead to high splice loss [15] . And the short distance between two cores increases the difficulty of introducing input light and isolating output light.
Considering the fabrication and application, we propose a novel broad bandwidth polarizationinsensitive PCF-based with two elliptical fluorine-doped cores. The proposed coupler can achieve an ultra-broad bandwidth covering the wavelength from 1.255 μm to 1.725 μm, i.e., all communication bands. And the difference of coupling ratio between two polarizations is lower than 0.2%. The proposed PCF with high performance and simple structure has great potential in developing a directional coupler for using in a high-rate, ultra-broadband communication system. The fiber properties are analyzed by adapting the full vector Finite element method (FEM) [16] combined with perfectly matched layer (PML) boundary conditions [17] , which is widely used for simulating micro-structure fibers [18] , [19] . A 5 μm-thick circular PML is set outside the cladding. High density meshes with the numbers of degrees of freedom in the range from 82 000 to 83 000 are used.
Structure and Principle
The designed dual-core coupler is based on the interaction of odd and even modes. The coupling length L c , which shows the coupling strength between two cores, can be defined by [20] In dual-core fiber, the energy in one core will couples into another one when the light propagates along the fiber. After propagating for a length of L, the coupling ratio C x,y can be calculated by [20] 
L is the propagation distance of coupling region. When the propagation distance is equal to L c /2, the PCF can be used as a 50:50 coupler. For a 50:50 coupler, the maximum value of coupling ratio is 51% because that the accuracy of the coupling ratio should be controlled within ±1% [11] . Therefore, we assume that a coupler length L 0 satisfies the following equation:
where L max is the maximum value of the coupling length. The coupling ratio difference C is introduced for discussing the polarization-insensitive characteristics of the coupler. It can be described as
Numerical results
In view of the application, the compatibility with other optical components in the communication system is very important for the design. So we choose SMFs as input and output ports, which makes the coupler connected easily with other optical fiber components. According to the coupledmode theory, high splice loss will be introduced due to MFA mismatch, and the splice loss caused by MFA mismatch between PCF and SMF can be defined as [21] L m = −10 lg
where R pcf and R smf are MFA radius of PCF and SMF, respectively. We set the initial parameters of the proposed PCF as d/ = 0.45, d a / = 0.45, d b / = 0.42, and = −1.3%. Fig. 2(a) shows the MFAs in one core with different . It should be noted that the MFAs decrease with the increase of wavelength. This is caused by the anti-guiding phenomenon due to the introduction of fluorine-doped core [22] . The refractive index of fluorine-doped cores is lower than that, and therefore, so with the decrease of wavelength, the fundamental mode spreads out from the fluorine-doped core, leading to an increase in MFA, and the MFA at 1.55 μm is about 70 μm 2 , which is close to the MFA of SMF. Fig. 2(b) shows the splice losses as function of air holes pitch . It should be noted that the splice losses are very small when = 6 μm. So, we set = 6 μm. The splice loss caused by the mismatch of MFA is lower than 0.045 dB. The elliptical fluorine-doped core makes the coupling coefficients in x-and y-polarizations extremely close. The core of this designed PCF is formed by elliptical fluorine-doped rod. Fig. 3 illustrates the change of coupling length with different e and d b / . Fig. 3(a) shows that both the coupling length and coupling length difference become smaller when the elliptical cores are introduced. This is because that the introduction of the elliptical cores offset the geometric birefringence of the PCF. As show in Fig. 3(b) , the minor axis diameter has slight effects on the coupling length difference between two polarizations, but the peak of coupling ratio shifts with the increase of the d b . Considering the polarization-insensitive and working wavelength range, we set e = 1.05 and d b / = 0.44. Fig. 4(a) shows the coupling ratios with different air holes diameter. The peak of the coupling ratio has a blue shift and the bandwidth becomes a little broader as air holes diameter increasing. The coupling ratio difference between two polarizations is shown in Fig. 4(b) . It should be noted that the C is lower than 0.3% when the d/ is set as 0.45. It means that the proposed PCF coupler has good polarized insensitivity. Although the bandwidth becomes a little narrower than that of d/ = 0.5, the polarized insensitivity becomes much better. Therefore, in order to balance the bandwidth and the polarization-insensitivity, we set d/ = 0.45.
The coupling ratio and coupling ratio difference with different fluorine-doped concentration are shown in Fig. 5 . It should be noted that the fluorine-doped concentration has slight effect on the coupling ratio difference, but it can regulate the working wavelength range of the coupler. The working wavelength range shifts to the longer wavelength and the bandwidth becomes broader with the increase of . In order to achieve the broad bandwidth and reduce the fabrication difficulty, we set = 1.3%. The coupling length, coupling ratio and coupling ratio difference between two polarizations are shown in Fig. 6 . By using the designed fiber with the length of 11.6 mm, the coupling ratio can be controlled within 50 ± 1% in wavelength from 1.255 μm to 1.725 μm, which covers all communication bands, and the difference of coupling ratio between two polarizations is less than 0.2%. Numerical results demonstrate that the proposed dual-core PCF based coupler can achieve broad bandwidth and polarization-insensitive with = 6 μm, d/ = 0.45, d b / = 0.44, e = 1.05 and = 1.3%.
We analyze the evolution process of the mode field by using full-vector beam propagation method (BPM) [23] to show the coupling mechanism of designed coupler. At Z = 0, the input lights in x-and y-polarizations are injected into core A and B, respectively. The evolution of mode field distribution at the wavelength of 1.55 μm is shown in Fig. 7 . After propagating a distance of 11.6 mm, the electrical field energy of x-polarized and y-polarized light is almost same in two cores. Thus, two different polarization modes exist in the same core. In this way the coupling function is realized. These are consistent with the numerical result calculated by the full-vector FEM.
To verify the ultra-broad bandwidth characteristics of the proposed coupler, we analyze the evolution process of the electric field at the wavelengths of 1.255 μm and 1.725 μm. The evolutions of electric field along the fiber are shown in Fig. 8 . It should be noted that the lights with different polarization will couple from core A to B with similar speed. After propagating the distance of 11.6 mm along Z axis, the power of lights in x-and y-polarizations is almost equal in core A and B. It means that this designed fiber can achieve a broad bandwidth covers from 1.255 μm to 1.725 μm.
Discussion
In view of the fabrication feasibility and capability with SMFs, we design a PCF with uniform circular air holes in cladding and two fluorine-doped elliptical cores. Although the fabrication of elliptical fluorine-doped core is easier than elliptical air holes, the fabrication tolerance is necessary to be discussed. Air holes in cladding have no significant effects on fiber characteristics. Therefore, we focus on discussing the tolerance of elliptical core. First, the influence of the major axis radius is investigated. As shown in Fig. 9(a) , the bandwidth has no significant changes and the peak of the coupling ratio shifts slightly when the ellipticity changes within ±2%. Although the change of the ellipticity has no significant affection on the bandwidth, the difference of coupling ratio between two polarizations increases when ellipticity changes, but the coupling ratio difference is still lower than 0.5%. The splice loss becomes a little larger when ellipticity is decreased by 2%. This is because the mode field area narrows down with the decrease of the core size, but the splice loss is still less than 0.02 dB.
Then, we discuss the influence of the minor axis radius. The numerical results are shown in Fig. 10 . The bandwidth becomes a little narrower and the peak of coupling ratio shifts slightly when the ellipticity changes within ±2%, and the coupling ratio difference becomes a little higher when the ellipticity changes, but it is also lower than 0.5%. The splice loss, caused by the mismatch of mode areas, is directly affected by the core size. The influence of minor axis radius is similar with major axis radius. The splice loss is lower than 0.02 dB when the ellipticity varies within ±2%. This means that the designed coupler has high fabrication tolerance.
Conclusion
We design a PCF with dual elliptical cores and uniform circular air holes in the cladding for directional coupler. Numerical results indicate that the coupling ratio of the proposed fiber can stay within 50 ± 1% in a broad bandwidth of 470 nm by using 11.6 mm long of the proposed PCF. The difference of coupling ratio between two polarizations is lower than 0.2% in the whole working wavelength range. In addition, the MFA of each core is around 70 μm 2 , which make the splice loss caused by MFA mismatch is lower than 0.02 dB when the SMFs is used as input and output ports. Tolerance analysis results show the designed coupler has great fabrication feasibility. The designed PCF can be used as directional coupler in a high-rate, ultra-broadband communication system due to the high performance and low fabrication difficulty.
